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Department of Chemistry and Biochemistry, University of Lethbridge, Lethbridge, CanadaABSTRACT Elongation factor (EF) Tu delivers aminoacyl-tRNAs to the actively translating bacterial ribosome in a GTP-hydro-
lysis-dependent process. Rapid recycling of EF-Tu, catalyzed by EF-Ts, is required for efficient protein synthesis in vivo.
Here we report a combined theoretical and experimental approach aimed at identifying three-dimensional communication
networks in EF-Tu. As an example, we focus on the mechanistic role of second-shell residue Asp109. We constructed full-length
structural models of EF-Tu from Escherichia coli in the GDP-/GTP-bound state and performed several 10-ns-long molecular-
dynamics simulations. During these simulations, the side chain of Asp109 formed a previously undetected transient hydrogen
bond to His22, an invariant residue in the phosphate-binding loop (P-loop). To experimentally validate our molecular-dynamics
results and further analyze the role of this hydrogen bond, we determined all rate constants for the multistep reaction between
EF-Tu (wild-type and two mutants), EF-Ts, GDP, and GTP using the stopped-flow technique. This mutational analysis revealed
that the side chain of Asp109 is important for acceleration of GDP, but not for GTP dissociation by EF-Ts. The possibility that the
Asp109 side chain has a role in transition-state stabilization and coupling of P-loop movements with rearrangements at the base
side of the nucleotide is discussed.INTRODUCTIONDuring the elongation phase of translation, codon-depen-
dent aminoacyl (aa)-tRNA delivery to the ribosome is cata-
lyzed by elongation factor (EF) Tu in bacteria. The bound
GTP is hydrolyzed upon correct codon-anticodon interac-
tion in the ribosomal A-site. EF-Tu then undergoes a large
conformational change into the inactive GDP-bound form
of the factor, releasing the bound aa-tRNA, and dissociating
from the ribosome. EF-TuGDP must be recycled from the
inactive GDP-bound form to the active GTP complex before
it can bind another aa-tRNA and enter the next cycle of elon-
gation. However, the intrinsic rate of nucleotide exchange is
too slow to sustain the efficient protein synthesis observed
in vivo. To overcome the tight binding of the GDP-nucleo-
tide and facilitate rapid nucleotide exchange, regeneration
of EF-TuGTP is catalyzed by the nucleotide exchange
factor EF-Ts. EF-TuGDP binds EF-Ts to form an unstable
ternary complex that rapidly dissociates into EF-TuEF-Ts
and GDP. After binding of GTP and the subsequent dissoci-
ation of EF-Ts from EF-Tu, EF-TuGTP binds another
aa-tRNA and delivers it to the ribosome. All of the interac-
tions among EF-Tu, EF-Ts, and guanine nucleotides are
reversible and occur in a steady-state environment in vivo
(1,2).
The crystal structure of the EF-TuEF-Ts complex (3)
suggests that EF-Ts catalyzes nucleotide release by altering
at least three of the crucial binding interactions between
EF-Tu and guanine nucleotides. These crucial elements,Submitted July 15, 2010, and accepted for publication October 4, 2010.
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motif (residues 135–138, Escherichia coli numbering)
that binds the guanine base; 2), the bound magnesium ion
that coordinates the b- and g-phosphates, stabilizing their
negative charges; and 3), the P-loop, which contains the
consensus element GxxxxGK(S/T) (residues 18–25) that
coordinates the b-phosphate of the bound nucleotide. A pre-
vious analysis using rapid kinetic techniques revealed
a 60,000-fold increase in the dissociation rate of GDP
from the ternary complex EF-TuGDPEF-Ts as compared
to EF-TuGDP (2). Several aspects that contribute to the
mechanism of nucleotide exchange have been studied
through a combination of mutational and kinetic analyses
based mainly on molecular interactions identified in
the structure of the binary EF-TuEF-Ts complex. These
studies suggest a concerted process in which the interac-
tion between the three major nucleotide interaction sites
(including the phosphate and base moieties) are altered
in a well coordinated fashion involving communication
between these sites to achieve efficient dissociation of
GDP (1,2,4). Although this coupling is critical for efficient
EF-Ts-catalyzed nucleotide exchange in EF-Tu, nothing is
known about how it is achieved, given that it requires
communication over >20 A˚ and involves amino acids sepa-
rated by >100 amino acids in the primary sequence of the
protein. Experimental and computational studies of many
protein/protein and protein/nucleic acid complexes strongly
support the view that conformational transitions in these
complexes are communicated by a three-dimensional (3D)
network of interresidue contacts (5–8). It is particularly
difficult to identify the amino acids involved in thisdoi: 10.1016/j.bpj.2010.10.013
3736 Wieden et al.communication network because this is a dynamic feature
involving so-called second-shell residues, which do not
directly participate in interactions with the respective
substrates like the nucleotide and EF-Ts in the case of
EF-Tu. Nevertheless, these second-shell residues have
been shown to be critical for the function and specificity
of a number of enzymes due to their role in positioning cata-
lytically active residues (10) and providing critical flexi-
bility to secondary structure elements involved in the
respective reaction (11,12). Evolutionary conservation can
provide valuable information for identifying second-shell
residues that participate in the 3D communications net-
works (13,14).
Here we report a prime example of how a combined
theoretical and experimental approach can be used to
successfully identify and study these 3D communication
networks. Previous studies reported slow evolutionary
speeds for both Asp109 and Glu152 in EF-Tu (13,14), and
indicated that the latter is involved in a functionally impor-
tant salt bridge with the N-terminal domain of EF-Ts,
whereas the former apparently does not participate in any
interactions with either EF-Tu or EF-Ts. These observations
suggest an unknown functional role of the Asp side chain
during the nucleotide exchange reaction that is specific for
the bacterial protein. Our own molecular-dynamics (MD)
simulations of the EF-TuGDP and EF-TuGTP complex
revealed that a transient hydrogen (H)-bond can be formed
between the aspartate residue at position 109 and a residue
in the P-loop, His22 (see Fig. S1 and Fig. S2 in the Support-
ing Material). A subsequent detailed kinetic analysis of an
Asp109-to-alanine substitution in EF-Tu revealed a func-
tional role of this aspartate side chain specific for EF-Ts
stimulated GDP but not for GTP dissociation. This is the
first report, to our knowledge, of an MD-guided design of
EF-Tu mutants. Our goal was to identify the functional
role of second-shell residues that are members of the 3D
communication network involved in the catalytic mecha-
nism of nucleotide exchange in EF-Tu. By combining our
analysis of the dynamic properties of EF-Tu in silico with
a rapid kinetic analysis in vitro, we found that Asp109 plays
an important role during the nucleotide exchange reaction
by stabilizing the EF-TuGDPEF-Tss transition state
and linking the interactions of EF-Ts with the base side
and the phosphate side in EF-Tu. These interactions seem
to be specific for the acceleration of GDP dissociation in
bacteria but not in eukaryotes.MATERIALS AND METHODS
MD simulations
The initial model for E. coli EF-Tu in the GTP-bound conformation was
obtained by constructing a homology model using the Swiss-Model server
(15) and the crystal structure of T. aquaticus EF-TuGDPNP as a template
(PDB ID 1EFT). Transformation of the GDPNP molecule to GTP was done
by hand. The model for E. coli EF-Tu in the GDP-bound conformation wasBiophysical Journal 99(11) 3735–3743obtained from the respective crystal structure (PDB ID 1EFC). Because the
seven N-terminal residues were missing in this structure, conformations of
these amino acids were assigned identically to those in the GTP-bound
model. Hydrogen atoms were added to both models using psfgen in the
NAMD software package (16), and histidine side chains were protonated
at the 3-nitrogen only. Initial models were minimized in vacuum and then
placed in a water box extending at least 10 A˚ from the protein in all direc-
tions. Water molecules present in the respective crystal structures were
included in this box, and all other water molecules were added at random
using the SOLVATE package in NAMD (16). Relaxation of the solvated
system was achieved by minimizing the positions of water molecules, fol-
lowed by protein and ligand atoms in two iterative rounds. Sodium ions
were then added in random positions by the AUTOIONIZE package in
VMD (17) to neutralize the total charge of the system, followed by a final
all-atoms minimization. All minimizations were performed using the
NAMD software package until no change in total energy was observed
over 1000 steps. MD simulations were performed on solvated models
with a step size of 0.5 fs using the CHARMM22 force field as implemented
in the NAMD package (16) while invoking periodic boundary conditions.
Minimized models were initially equilibrated at 300 K and 350 K for
150 ps at constant pressure (1 atm). Production phase simulations were per-
formed after crossing trajectories and were carried out for 10 ns. All simu-
lations were performed in the NAMD software package, and visualization
was carried out in VMD (16,17). (NAMD and VMD were developed by the
Theoretical and Computational Biophysics Group at the Beckman Institute
for Advanced Science and Technology, University of Illinois at Urbana-
Champaign.)
We analyzed the MD simulations using data sampled every 0.5 ps. Calcu-
lations of root mean-square deviation (RMSD) and root mean-square fluc-
tuation (RMSF) were performed using in-house-written scripts invoked
with the VMD software package (17). For the RMSD calculations, the first
10 N-terminal amino acids were excluded due to the high level of mobility
exhibited throughout all simulations, consistent with the respective crystal-
lographic studies in which the N-terminal amino acids were either not
resolved or exhibited particularly large B-factors.
To assess whether H-bond formation can occur between the side chains
of Asp109 and His22, we measured the distance between the two carboxylate
oxygens (Oa/b) of the aspartate side chain and the proton at the N3 of the
histidine residue over the last 5 ns of each simulation. Each oxygen atom
of the carboxylate side chain on Asp109 was considered independently.
Histograms were generated from the Oa/bAspH-N3His distances
measured by subsequent binning using a 0.25 A˚ bin size and were plotted
at the bin midpoint. For both simulations, a bimodal distribution of counts
was observed. To deconvolute the contribution of each state (mode), the
data were fitted with the sum of two Gaussian functions (Eq. 1) using the
TableCurve (Jandel Scientific, San Rafael, CA) and Prism (GraphPad Soft-






where A and D represent the amplitudes of the first and second Gaussian
functions, respectively; B and E represent the mean OH distances for
the two functions; and C and F represent the distribution in OH distance
around the respective mean distance.
We determined the occupancy of each H-bonded state by integrating the
Gaussian centered on 2 A˚ over the interval (N,N) and expressing it as
a percentage of the sum of both Gaussians integrated over the same interval.Buffers and reagents
Experiments were performed in buffer A (50 mM Tris-HCl pH 7.5, 70 mM
NH4Cl, 30 mM KCl, 7 mM MgCl2) at 20
C. Chemicals were purchased
from Sigma or VWR. Fluorescent mant-GDP and mant-GTP were obtained
from Molecular Probes (Eugene, OR).
Communication Networks in EF-Tu 3737Mutagenesis
The plasmid pEECAHis (4) containing the full-length E. coli tufA gene was
obtained from M. V. Rodnina (Max Planck Institute for Biophysical Chem-
istry, Go¨ttingen, Germany). The Quikchange method was then used for site-
directed mutagenesis. Mutations were verified by sequencing.
Protein expression and purification, and complex formation were per-
formed in a manner similar to that described by Gromadski et al. (2) and
are described in the Materials and Methods section of the Supporting
Material.Rapid kinetic measurements
Fluorescence stopped-flow measurements were performed on a KinTek SF-
2004 stopped-flow instrument (KinTek, Austin, TX). Tryptophan fluores-
cence was excited at 280 nm and measured after it passed a WG-305-F filter
(Newport Filters, Irvine, CA). Mant-GDP/GTP fluorescence was excited
indirectly using fluorescence resonance energy transfer from the single
tryptophan residue proximal to the nucleotide-binding site. Mant-GDP/
GTP fluorescence was measured after it passed a LG-400-F filter (Newport
Filters). Experiments were carried out at 20C in buffer A by rapidly mixing
equal volumes (25 mL each) of reactants and monitoring the time courses of
the fluorescence change. Fluorescence time courses were evaluated by
fitting to an exponential function with the characteristic apparent time
constant (kapp), the amplitude (A), and the final signal (FN) according to
the equation F ¼ FN þ A  exp(kapp  t), where F is the fluorescence
at time t. Calculations were performed using TableCurve (Jandel Scientific)
and Prism (GraphPad Software) software. The standard deviations of the
kapp-values were calculated using the same software. All elemental rate
constants of nucleotide exchange except k-2 were measured directly. The
value for k-2 was calculated from all other elemental rate constants based
on the kinetic scheme depicted in Scheme 1. The standard deviations of
the rate constants were estimated from the variation of values obtained in
different experiments.
Calculation of k-2 for EF-Tu WT, D109A, and E152A
Using an approach similar to that described by Gromadski et al. (2), we
calculated k-2-values using the law of mass action. Based on the mechanism
in Scheme 1, the rate constants k-2 were calculated from rate constants of
the right (GDP) branch ([k-2 ¼ k-1k2k-3k4/(k1k3k-4)]) and left (GTP) branch
([k-2 ¼ k-5k2k-6k7/(k5k6k-7)]), yielding two independently calculated values
for k-2.RESULTS
Asp109 forms a transient H-bond to His22
The observation that the aspartate side chain in position 109
of EF-Tu from E. coli is conserved in >99% of the bacterialSCHEME 1 Kinetic scheme of nucleotide exchange in EF-Tu.EF-Tu sequences found in the SwissProt database suggests
a functional requirement for aspartate at this position.
However, inspection of the available crystal structures
of EF-Tu bound to the respective nucleotide (GDP and
GTP) as well as to its exchange factor (EF-Ts) did not
reveal any direct interactions involving the Asp109 side
chain. The main-chain oxygen of Asp109 participates in
a H-bond interaction with the side chain of the invariant
arginine (Arg) in position 12 of EF-Ts, linking it with the
equally conserved Glu152 in helix D of EF-Tu, which has
been shown to be important for efficient EF-Ts-catalyzed
nucleotide exchange (4,18). These observations suggest
a role for the Asp109 side chain during a phase in the nucle-
otide exchange reaction that has not been trapped by x-ray
crystallography. This most likely involves a highly dynamic
transient intermediate, such as the ternary complexes EF-
TuGDPEF-Ts and EF-TuGTPEF-Ts or their respective
transition states (Scheme 1), that is not accessible by crys-
tallographic methods. We wanted to address the functional
role of Asp109 by combining MD simulations to describe
the dynamic properties of the Asp side chain in silico
with a subsequent analysis of the mechanistic role using
rapid kinetics in vitro. To study the dynamic properties of
Asp109 by MD simulations, and to circumvent effects due
to sequence variations in the different organisms used to
determine the respective x-ray structures, we constructed
two full-length structural models of E. coli EF-Tu in
complex with GTP and GDP using homology modeling,
followed by hydration with explicit waters and subsequent
energy minimization. Inspection of these models revealed
that the side chain of Asp109 is in close proximity to
His22, which would be capable of accepting an H-bond
from one of the carboxylate oxygens of Asp109. However,
in these energy-minimized static models the side chain of
Asp109 is oriented in such a way that prevents participation
in an H-bonding interaction. This is surprising because this
H-bond could be established through a few minor bond
rotations, consistent with an evolutionary conserved role
for Asp109 as an H-bond acceptor. We wanted to know
whether under more physiological conditions (which would
also take into account the overall dynamic properties of the
enzyme in water) this H-bond could indeed be formed in
EF-Tu, which would explain the high degree of conserva-
tion of Asp109.
To address this question, we performed, based on these
models, 10-ns-long MD simulations of the wild-type (WT)
enzyme and an in silico mutant carrying an alanine substitu-
tion at position 109 (D109A), bound to GTP or GDP, at
300 K. The stability of EF-Tu during these simulations
was judged by measuring the RMSD of the backbone atoms
with respect to the initial structure throughout the whole
simulation (Fig. 1 A and Fig. S3). After an initial increase
in the RMSD of ~1.5 A˚, all four simulations were stable
after 2 ns, yielding 8 ns of stable simulation time. When
both the mutant and the WT GDP-bound complexes wereBiophysical Journal 99(11) 3735–3743
FIGURE 1 Conformational changes during MD simulation. (A) RMSDs
of EF-Tu WT (green) and EF-Tu D109A (blue) from the starting confor-
mation for the GTP and GDP conformations at 300 K. RMSDs were
calculated using all backbone atoms and excluded the mobile N-terminus.
(B) Ca RMSF for EF-Tu WT (green) and D109A (blue) in the GTP and
GDP conformations. Colored bars at the bottom indicate the domain
structure of the protein (domains 1–3 in yellow, orange, and red, respec-
tively).
3738 Wieden et al.compared with the respective GTP-bound complexes, the
two GDP-bound complexes exhibited slightly larger fluctu-
ations in RMSF values (Fig. 1 B), in agreement with the
more open conformation of EF-TuGDP, which provides
less intramolecular stabilization than the EF-TuGTP com-
plexes (Fig. S2).
Interestingly, when we compared the RMSF of each Ca in
domain 1 of EF-Tu (Fig. 1 B) between the WT and the
D109A mutant simulations, we observed no significant
increase in flexibility for the P-loop, including His22 in
either the GTP- or GDP-bound state, indicating that the
aspartate side chain is not required for its stability in these
complexes. However, both complexes revealed lower
RMSF values (i.e., decreased flexibility) for the majority
of switch I residues (residues 44–69) in the D109A simula-
tions, as well as consistently higher values (i.e., increased
flexibility) for the N-terminal half of helix D (residues
139–144) and the preceding nucleotide specificity motif
(NKxD, residues 135–138), which is slightly more
pronounced in the GDP complex (Fig. 1 B).
To investigatewhether a transientH-bondcan formbetween
Asp109 and His22, we monitored the Oa/bAspHHis-N3His
distance over 5 ns of the simulation (from 5 to 10 ns). The
distances between the acidic hydrogen on His22 and both
carboxylate oxygens of Asp109 (Oa/bAsp) were measured in
the GDP- and GTP-bound simulations and plotted as histo-
grams (Fig. 2). The Oa/bAspHHis-N3His distances exhibited
a bimodal distribution, with the first mode centered over 2 A˚
and the second over 4 A˚. This suggests that two major statesBiophysical Journal 99(11) 3735–3743exist for the interactions between these two side chains. Based
on the frequently applied distance criterion for assigning an
H-bond of <3.5 A˚ for the OH distance (19), we believe
that the distribution at small Oa/bAspHHis distances repre-
sents a population of conformations in which Asp109 and
His22 are engaged in H-bonding with each other. Thus, the
population that is observed at longer OAspHHis distances
and centered over 4 A˚ may represent non-H-bonding confor-
mations. This is supported by the observation that the distribu-
tions representing H-bonding conformations have mean
Oa/bAspHHis distances ranging from 2.1 to 2.3 A˚. These
distances arewell below themore conservative cutoff distance
for H-bonding of 2.7 A˚ (the sum of van der Waals radii for
hydrogen and oxygen). To deconvolute the partitioning
between each state, and to provide a means of estimating the
relative contribution of H-bonding conformations at physio-
logical temperatures (300 K), we fit these histograms to func-
tions with two Gaussian terms (Fig. 2, A and B). In fact,
depending on the respective oxygen (a or b) and simulation
(GDP- or GTP-bound state), between 81.6% and 97.5% of
the H-bonding states (first mode) fall below the 2.7 A˚ cutoff.
In comparison with the non-H-bonding state (second mode),
considering both carboxylate oxygens of Asp109, WT EF-Tu
exists in the H-bonding states during 19.6% (GTP) or 30.5%
(GDP) of the analyzed simulation. On the basis of these MD
simulations, we think it is likely that EF-Tu is indeed capable
of forming an intramolecular H-bond between Asp109 and
His22, and that this H-bond contributes significantly to the
dynamics of the protein at 300 K. The fact that the H-bonded
state is only sampled between 20% and 30% of the simula-
tion time suggests a minor functional role in these binary
complexes. Together with the evolutionary conservation of
Asp109, these results suggest that the H-bonded state contrib-
utes more significantly to one of the other complexes formed
during the functional cycle of EF-Tu (e.g., the EF-Ts-cata-
lyzed nucleotide exchange (Scheme 1)). Together with the
similar level of conservation of the functionally important
Glu152 in helix D of EF-Tu, our findings also suggest that
the H-bond between His22 and Asp109 may be important for
the 3D communication network in the two ternary com-
plexes (EF-TuGDPEF-Ts and EF-TuGTPEF-Ts) that
are transiently formed during EF-Ts-catalyzed nucleotide
exchange.Mechanistic role of Asp109-His22 H-bonding
We then sought to determine whether a functional role for
the Asp109-His22 H-bonded state could be confirmed
in vitro. To that end, we constructed a mutant version of
EF-Tu containing a single amino acid substitution at posi-
tion 109, replacing aspartate with alanine (D109A, corre-
sponding to our in silico mutant) to prevent the formation
of the H-bond to His22. We then performed a detailed kinetic
analysis of the nucleotide exchange reaction (Scheme 1) for
this mutant and the WT protein, along the lines of previous
FIGURE 2 H-bonding between Asp109 and
His22. Distances between the two terminal oxygen
atoms (Oa and Ob) of the Asp109 residue and the
hydrogen at the N3 of His21 were measured during
the second half of MD simulations (ns 5–10) for
the EF-TuGDP and EF-TuGTP complexes and
plotted as bars. Distances are shown for the Oa
and Ob oxygen atoms of the aspartate side chain
in the GDP (A) and GTP (B) complexes. The super-
imposed Gaussian fits indicate the contribution
of the H-bonded (gray) and non-bonded (black)
states.
Communication Networks in EF-Tu 3739studies, using rapid kinetics (2). When we compared
our results with previously reported WT data (2,4,20),
as well as the rate constants determined in this study, we
found that replacing Asp109 with alanine did affect the
rate constant for EF-Ts-stimulated GDP dissociation
(k-4, a 13-fold decrease) as well as the rate constant for
EF-Ts association to nucleotide-free EF-Tu (k2, a threefold
decrease). Experimental results for the WT are in very good
agreement with the results from previous studies (see Table
1 for a summary of the obtained rate constants, and Figs. 3
and 4 and Fig. S4 for the kinetic analysis).TABLE 1 Effect of mutations in EF-Tu on the experimentally determ
nucleotides
Rate constant* WTy W
k1 ( 106 M1s1) 2.8 5 0.1 2.05
k1 (s
1) 0.0025 0.001 0.0025
k2 ( 107 M1s1) 1.3 5 0.1 15
k2 ( s1) 0.01 0.
k3 ( 107 M1s1) 3 5 1 65
k3 (s
1) 4385 50 3505
k4 ( 106 M1s1) 7 5 1 145
k4 (s
1) 2195 25 1255
k5 ( 105 M1s1) 4.3 5 0.1 5.05
k5 (s
1) 0.025 0.01 0.035
k6 ( 107 M1s1) 12.45 0.3 35
k6 (s
1) 60 5 10 605
k7 ( 106 M1s1) 3.9 5 0.7 65
k7 (s
1) 95 5 10 855
*According to the mechanism of Scheme 1.
yThis study.
zGromadski et al. (2).
xWieden et al. (4).Glu152 is critical for the EF-Ts-catalyzed
dissociation of both GTP and GDP
Asp109 in EF-Tu also forms an H-bond via its main-chain
carbonyl to the highly conserved side chain of Arg12 in
EF-Ts, which in turn participates in a salt bridge with
the invariant glutamate (Glu)152 in helix D of EF-Tu.
Since Asp109 and Glu152 seem to be evolutionarily linked
(13,14), we wanted to know whether disruption of the salt
bridge between Glu152 in EF-Tu and Arg12 in EF-Ts is
also specific for the acceleration of GDP dissociation (k-4)
and not GTP (k-7) dissociation from the ternary complexined rate constants of EF-Tu interaction with EF-Ts and guanine
Tz D109Ay E152Ay/x
0.5 3.35 0.1 2.0x
0.001 0.0045 0.001 0.003x
0.2 0.35 0.1 0.085 0.01y
03 0.04 0.01x
1 45 1 0.46x
50 4085 64 1705 30x
5 75 1 7.6x
25 165 1 95 2x
1 3.95 0.1 2.55 0.1y
0.01 0.055 0.01 0.055 0.01y
0.5 3.35 0.2 5.35 1.6y
10 905 10 3905 90y
1 1.85 0.2 5.95 2.7y
10 505 5 8.55 1y
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FIGURE 3 Interaction of guanine nucleotides
with EF-Tu D109A in the absence of EF-Ts. (A)
Time courses of mant-GTP (1 mM, line 1) or
mant-GDP (1 mM, line 2) binding to nucleotide-
free EF-Tu D109A (0.25 mM)measured by fluores-
cence resonance energy transfer between the single
tryptophan in EF-Tu and the mant group (line 3
control without EF-Tu). (B) Concentration depen-
dence of kapp. kapp-values were calculated by
single-exponential fitting from time courses in
panel A. Circles: mant-GDP; triangles: mant-GTP.
3740 Wieden et al.EF-TuGDP/GTPEF-Ts. Previous studies (4) focused
solely on the role of the highly conserved Glu152 on the
GDP exchange mechanism, and provided no information
on the respective mechanism for GTP. Values for the rate
constants of the GDP branch (k1, k-1, k2, k-2, k3, k-3, k4,
and k-4; summarized in Table 1) revealed effects on both
the EF-Ts-stimulated GDP dissociation (k-4) and the interac-
tion of EF-Ts with EF-Tu (k2, k-2, k3, and k-3). To assess
whether these effects are also limited to the GDP-bound
forms of EF-Tu, we performed a similar kinetic analysis
on the previously unreported GTP branch of the nucleotide
exchange mechanism (Fig. S5) using the published alanine
substitution mutant of EF-Tu (4). When we compared the
obtained rate constants for the GTP branch (k2, k-2, k5, k-5,FIGURE 4 Interaction of EF-Tu D109A with EF-Ts and GDP. (A) Time
courses of dissociation of EF-Tumant-GDP (0.15 mM) in the presence of
EF-Ts (0.2 mM) and excess unlabeled GDP (25 mM, line 1), and in the
absence of EF-Ts (line 2). The fluorescence of the mant group was moni-
tored. (B) Concentration dependence of kapp on EF-Tumant-GDP dissoci-
ation. The kapp-values were calculated by single-exponential fitting of the
time courses in A. (C) Time courses of the dissociation of EF-TuEF-Ts
(0.5 mM) in the presence of GDP (1 mM, line 1) or absence of GDP (line
2), as monitored by the fluorescence of Trp184 in EF-Tu. (D) Concentration
dependence of kapp for EF-TuEF-Ts dissociation in the presence of GDP.
The kapp-values were calculated by single-exponential fitting of the time
courses in C.
Biophysical Journal 99(11) 3735–3743k6, k-6, k7, and k-7; summarized in Table 1), we observed
similar effects as for the GDP branch.DISCUSSION
Previous structural and biochemical studies on the mecha-
nism of guanine nucleotide exchange in EF-Tu suggested
that this process occurs through a three-part mechanism
involving breakage of the Mg2þ coordination, structural
changes in the P-loop (the phosphate side), and disruption
of interactions with the nucleotide base (the base side).
However, little is known about the timing and structural
dynamics of these events. This is reflected by the somewhat
surprising observation that the disruption of any of the puta-
tive key interactions in the EF-TuEF-Ts complex derived
from the available x-ray structures of the binary complex re-
sulted in only moderate changes in the efficiency of nucle-
otide exchange (1,4,18,21). EF-Ts-stimulated nucleotide
exchange may therefore rely on a number of second-shell
residues to induce and relay small rearrangements through
a network of changes in EF-Tu that contribute synergisti-
cally to the efficient exchange of guanine nucleotides. The
ability to identify these intrinsically dynamic communica-
tion networks would enhance our understanding of the
design principles underlying the function and structural
dynamics of biomolecular activities. However, it is inher-
ently difficult to identify the participants of these networks
and assign a specific function to them using only static struc-
tural information derived from x-ray crystallographic
studies. By employing a combination of MD simulations,
mutagenesis, and kinetic analysis of the nucleotide
exchange mechanism using rapid kinetics, we were able to
identify the second-shell residue Asp109 as just such a mech-
anistically important residue in vivo.Role of Asp109 during EF-Ts-catalyzed nucleotide
exchange
The highly conserved Asp109 interacts with Arg12 of EF-Ts
through the main-chain carbonyl group. The strict con-
servation as an aspartate residue in bacterial and
Communication Networks in EF-Tu 3741mitochondrial EF-Tu sequences indicates that the side
chain plays a functional role during EF-Ts-mediated nucle-
otide exchange in bacteria but not in eukaryotes. Although
no direct interaction of the side chain with other residues
has been reported (3,22–24), mutation of Asp109 has
a significant effect on the EF-Ts-mediated GDP (but not
GTP) dissociation. In contrast, disruption of the salt bridge
between Glu152 and Arg12 affects the rate of nucleotide
dissociation for GDP (4) and GTP (this study), and signif-
icantly alters the association rates of EF-Ts to the respec-
tive binary complexes and nucleotide-free EF-Tu. Arg12
also interacts via an H-bond with the main-chain carbonyl
oxygen of Asp109, thereby connecting Glu152 and Asp109 in
the EF-TuEF-Ts complex (Fig. 5). The use of MD simula-
tions in this study allowed us for the first time, to our
knowledge, to identify and assign a role for the highly
conserved side-chain Asp109. As part of the dynamic prop-
erties of EF-Tu, Asp109 is able to participate in a previously
unidentified H-bond with His22 located in the P-loop, thus
connecting a secondary shell residue (Asp109) with residues
at the phosphate side in the nucleotide-binding pocket
(His22). This effectively establishes a communication path
between helix D and the P-loop. However, this H-bond
is only observed for a fraction of the simulation time
(20–30%) in either the EF-TuGDP or EF-TuGTP
complex, suggesting sampling of a functional interaction
between the two residues, which becomes important
upon formation of the transient ternary complex (EF-
TunucleotideEF-Ts) or an intermediate on the reaction
path. This is supported by the close approach of the two
side chains (3.09 A˚) in the EF-TuEF-Ts complex (PDB-
ID 1EFU) and the reduced affinity of EF-Ts (k2) for the
nucleotide-free EF-Tu (D109A), as well as the increased
flexibility of the N-terminal half of helix D and the
NKxD specificity motif in the D109A simulations.FIGURE 5 Structure of the nucleotide-binding pocket (stereo view). (A) H-bon
interactions in the EF-TuGDP (yellow) and EF-TuEF-Ts (cyan for EF-Tu an
highlighted. Arg12 of EF-Ts is depicted in dark blue, and Mg2þ is represented
green. The figure was prepared with VMD (17) using coordinate sets 1EFC andOur detailed kinetic analysis of the nucleotide exchange
mechanism (Scheme 1) in the absence (D109A) and pres-
ence (WT) of the predicted H-bond (Table 1) revealed that
only the rate constants for GDP (and not GTP) dissociation
from the EF-TuGDPEF-Ts complex (k-4, lowered
13-fold) and EF-Tu/EF-Ts association (k2, lowered three-
fold) were affected. Based on these rate constants and the
respective equilibrium dissociation constants (KD), we can
calculate the change in Gibbs free energy (DG) of step 2
(interaction of EF-Tu and EF-Ts) and step 4 (interaction
of GDP with the EF-TuEF-Ts complex) for both the
WT and the D109A mutant of EF-Tu as follows:
DG2,WT ¼ 51.1 kJ/mol and DG2,D109A ¼ 44.2 kJ/mol;
DG4,WT ¼ 25.3 kJ/mol and DG4,D109A ¼ 31.6 kJ/mol.
The fact that only k-4 and k2 differ (decreased) between
the D109A mutant and the WT enzyme can be explained
by a destabilization of the transition states for the two reac-
tions resulting in higher transition state energies upon
removal of the H-bond between Asp109 and His22 (depicted
by the length of the arrows of the respective rate constants in
Fig. 6). On the other hand, the rate constants for the reverse
reactions (k4 and k-2) are not changed, suggesting that the
difference in the Gibbs free energies between the destabi-
lized transition states and the mutant EF-TuEF-Ts complex
is not affected. The latter can be explained by a destabiliza-
tion of the EF-TuEF-Ts complex to a similar extent as the
destabilization of the respective transition states (Fig. 6).
Consequently, the Gibbs free energy DG4,D109A should be
larger and DG2,D109A should be smaller than in the WT
case. This is consistent with the calculated values for these
DGs (vide supra). It is furthermore reflected by the respec-
tive DDGs (DDG4 ¼ 6.4 kJ/mol and DDG2 ¼ 7.0 kJ/mol)
between the WT and mutant, which correspond well with
the energy contribution of a single H-bond being removed.
The fact that the observed changes in DDGs indeed reflectding interactions between Asp109 and His22: detailed view of the nucleotide
d blue for EF-Ts) complexes. Residues involved in nucleotide binding are
by a green sphere. H-bonds of the proposed H-bond relay are indicated in
1EFU in the PDB (3,24).
Biophysical Journal 99(11) 3735–3743
FIGURE 6 Gibbs free-energy diagram depicting the transition-state
stabilizing effect of the H-bond between Asp109 and His22. Gibbs free-
energy diagram for the two reactions described by the equilibrium constants
K2 and K4 (Scheme 1) of the WT (black) and D109A mutant (gray) of EF-
Tu, respectively. Removal of the H-bond between His22 and Asp109 results
(as calculated from the experimentally determined rate constants summa-
rized in Table 1) in destabilization of the TuTs complex and the two tran-
sition states (TuTss and TuGDPTss) to a similar extent, as reflected by
the comparable DDGs for both reactions (DDG4 ¼ 6.4 kJ/mol and DDG2 ¼
7.0 kJ/mol) consistent with the energy for a single H-bond. This increase in
energy of the transition states and the TuTs complex results in decreased
rate constants for k-4 and k2, and no changes for the rate constants of k4 and
k-2, as indicated by the length of the respective arrows (gray versus black).
3742 Wieden et al.the removal of a single H-bond demonstrates the power of
this combined MD and experimental approach. It also indi-
cates the importance of this H-bond for the mechanism and
the molecular dynamics of the protein (vide infra). Further-
more, if the H-bond was part of a degenerate communica-
tion network within the protein, other members of the
network would compensate for its loss, and it would have
been difficult to measure the difference on a specific rate
constant, further supporting the significance of this finding.
To understand the role of this H-bond for the nucleotide
exchange reaction, it is important to view the observed
destabilization of the EF-Tu D109A complexes as a stabili-
zation of the respective complexes with the WT protein.
A recent kinetic analysis of the nucleotide exchange reac-
tion in yeast supported a different mechanism of nucleotide
exchange and, moreover, different structural requirements
for the nucleotide-binding properties of the eukaryotic
factor (eEF1A) compared with bacterial EF-Tu (25). Disso-
ciation of the bound nucleotide is up to 100 times faster for
eEF1A than for EF-Tu (0.13 s1 vs. 0.002 s1 for GDP, and
0.1 s1 vs. 0.02 s1 for GTP). These differences may also be
reflected by the different mode of interaction between
eEF1A and its nucleotide exchange factor, eEF1B. Asp109
may therefore be important for overcoming the additional
stabilizations of GDP-binding observed in the prokaryotic
EF-TuGDP complex (as indicated by the lower dissocia-Biophysical Journal 99(11) 3735–3743tion constant) compared to their eukaryotic counterparts
eEF1AGDP. This in turn suggests that prokaryotes require
this H-bond (and therefore have maintained it during evolu-
tion) to overcome the additional stabilization of GDP
binding by stabilizing the EF-TuEF-Ts complex and in
particular the two transition states.
The results we obtained by combining MD simulations
with a detailed rapid kinetics analysis provide the first
step toward unraveling the 3D communication network
that facilitates 60,000-fold and 3,000-fold accelerations of
the nucleotide dissociation rate in the transient ternary
complexes EF-TuGDPEF-Ts and EF-TuGTPEF-Ts,
respectively. This is particularly important because although
the eukaryotic ternary complexes have been successfully
crystallized (26), no structural information is available for
the bacterial factors, due to the low stability of these ternary
complexes.Role of His22 for efficient nucleotide release
His22 is located two amino acid residues downstream of the
crucial amino acids Val20 and Asp21, which are involved in
flipping of the main-chain carbonyl (between Val20 and
Asp21; Fig. S6) in EF-Tu upon EF-Ts interaction (3).
This main-chain carbonyl is positioned in the EF-TuEF-
Ts complex such that its partial negative charge as well
as the resulting steric clash will disfavor the binding of
the b-phosphate of GDP (Fig. S6). Hence, formation of
the H-bond between Asp109 and His22 implies a function
in constraining the flexibility of the peptide backbone
upstream of His22, effectively forming the pivot point that
is required for flipping the peptide backbone upon intrusion
of the conserved Phe81 of EF-Ts and the subsequent
displacement of helices B and C in EF-Tu. The N-terminal
end of helix C contains the strictly conserved Met112,
a residue that is in close proximity to the conserved His19
and His22 and is moved by several A˚ngstro¨ms, providing
additional flexibility for the P-loop between His19 and
His 22. Movement of these two helices results in widening
of the crevice in which Ile17 is buried. Ile17 is the first
amino acid upstream of the P-loop sequence and which
shows a different orientation in the EF-TuGDP and the
EF-TuEF-Ts complex. Relieving the spatial constraints
on the N-terminal side of the P-loop, in particular at
Ile17, allows the P-loop to be more flexible and explore
a larger conformational space. Along with stabilizing the
C-terminal side of the P-loop through additional H-bonding
interactions (His22-Asp109), this will ultimately lead to the
flip of the peptide bond between Val20 and Asp21, and
subsequently promote dissociation of the bound nucleotide.
This is consistent with the observation that removal of this
H-bond destabilizes the transition state of step 4 of the
nucleotide exchange mechanism (EF-TuEF-TsGDPs),
but not the ternary complex TuGDPEF-Ts itself
(vide supra).
Communication Networks in EF-Tu 3743CONCLUSIONS
By using evolutionary analysis in combination with MD
simulations, we were able to identify Asp109 as a second-
shell residue that serves as a relay point (the Glu152-
Arg12-Asp109-His22 relay) in the 3D communication
network underlying the protein dynamics that are respon-
sible for facilitating efficient nucleotide exchange in bacte-
rial EF-Tus. By combining these computational approaches
with the determination of the rate constants governing this
interaction using rapid kinetic techniques, we were able to
further define the role of Asp109 as a requirement for effi-
cient GDP exchange in EF-Tu by contributing to the stabi-
lization of the respective transition state in prokaryotes.
We believe that Asp109 is important for linking structural re-
arrangements at the base side of the binding pocket with
structural rearrangements at the phosphate side of the
binding pocket. In this study we show that very short MD
simulations (which should be carefully interpreted with
respect to energetics, due to limitations in sampling and
possible inaccuracies in the force field), confirmed by exper-
imental data, can be used to develop likely enzyme mecha-
nisms. Our approach clearly demonstrates the power of
combining in silico and in vitro studies to identify the
dynamic 3D communication pathways underlying the effi-
cient function of proteins.SUPPORTING MATERIAL
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